Spain is one of the countries with the highest greenhouse gas (GHG) emissions within the EU-27. Consequently, mitigation strategies need to be reported and quantified to accomplish the goals and requirements of the Kyoto Protocol. In this study, a first estimation of the carbon (C) mitigation potential of tillage reduction in Mediterranean rainfed Spain is presented. Results from eight studies carried out in Spain under rainfed agriculture to investigate the effects of no-tillage (NT) and reduced tillage (RT) compared with conventional tillage (CT) on soil organic carbon (SOC) were used. For current land surface under conservation tillage, NT and RT are sequestering 0.14 and 0.08 Tg C yr -1 , respectively. Those rates represent 1.1% and 0.6% of the total CO 2 emissions generated from agricultural activities in Spain during 2006. Alternatively, in a hypothetical scenario where all the arable dryland was under either NT or RT management, SOC sequestration would be 2.18 and 0.72 Tg C yr -1 representing 17.4% and 5.8% of the total 2006 CO 2 equivalent emissions generated from the agricultural sector in Spain. This is a significant estimate that would help to achieve GHG emissions targets for the current commitment period of the Kyoto Protocol.
With more than 433 Tg CO 2 equivalent emitted in 2006 (http://unfccc.int/national_reports/annex_i_ghg_ inventories/items/2715.php), Spain is one of the countries with the highest greenhouse gas (GHG) emissions rates within the EU-27. For the current commitment period (2008) (2009) (2010) (2011) (2012) of the Kyoto Protocol, Spain agreed to limit its GHG emissions to 15% above to the 1990 emission level. However, in 2006 GHG emissions were 48% above the 1990 level, a value significantly greater than the emission target. Consequently, mitigation measures with short-term effects have to be implemented in Spain in order to accomplish the emission target within the current commitment period. Soil carbon (C) sequestration by tillage reduction has been reported as a promising technique to offset anthropogenic CO 2 emissions (Paustian et al., 1997a; Álvaro-Fuentes et al., 2009) . At the field scale, a change in tillage system can result in GHG mitigation between 10 and 20 years after the beginning of the tillage change (Six et al., 2004) . Regional soil organic carbon (SOC) sequestration rates across Europe were estimated between 0.1 to 0.4 Mg ha -1 yr -1 (Freibauer et al., 2004; Lal, 2008) . Since SOC dynamics are controlled by several site-specific factors, more precise values of mitigation potential from tillage reduction have to be estimated in each country or region.
The purpose of this study was to make an estimation of the C mitigation potential of tillage reduction in Mediterranean rainfed conditions of Spain. In 2008 the «Anuario de Estadística Agroalimentaria» (MARM, 2008) reported 9.6 · 10 6 ha of arable land within Mediterranean rainfed systems in Spain. In the most part of this land surface, agriculture is characterized by the use of intensive tillage (mainly mouldboard ploughing) together with cereal-fallow, cereal monoculture and cereal-legume rotations as main cropping systems. Consequently, because of the large agricultural land under conventional tillage (CT) in these rainfed agroecosystems, we hypothesized that in Spain a change from intensive tillage (i.e. CT with mouldboard plough) to a less intensive tillage method (e.g. reduced tillage, RT, or no-tillage, NT) might help to offset CO 2 from anthropogenic activities.
Results from eight studies carried out in Spain to investigate the effects of tillage management on SOC content were used. These studies showed data from fourteen long-term tillage comparison experiments located at eight different sites in Mediterranean Spain. Other experiments located in northwest and north central Spain, with a more humid climate were ruled out. In short, the studies reported data after 10 years since the beginning of the experiment and compiled information on the effects of NT and/or RT vs. CT. All the experiments selected used mouldboard ploughing as main tillage operation in the CT treatment and chisel or cultivator ploughing for RT. Depending on the study, CT was implemented to a depth of 20-30 cm. Therefore, in our study, SOC stocks were calculated up to a depth of 30 cm. Our SOC sequestration rates were reported similarly to West and Post (2002) , by calculating the mean difference between tillage practices, using soil sample data from the last year available for each site.
Three scenarios with different proportions of surface land under NT and RT management were created. The first scenario presents CO 2 mitigation potential for the current surface under NT and RT in Spain. The second scenario represents a situation with 50% of the total rainfed agricultural land available in Mediterranean Spain under either NT or RT and the third scenario assumes that the 100% of the available arable land area is under either NT or RT. Values of the available arable land area under dryland conditions in Mediterranean Spain were obtained from the «Anuario de Estadística Agroalimentaria» (MARM, 2008) .
Total CO 2 emissions were obtained from the UNFCCC emissions report for 2006 (http://unfccc.int/national_ reports/annex_i_ghg_inventories/items/2715.php). In 2006, the Spanish GHG emissions inventory reported 360 Tg of total CO 2 emissions. Since Spain has not estimated agricultural CO 2 emissions because of the lack of reliable data (Lokupitiya and Paustian, 2006), a value of 46 Tg CO 2 equivalent was used. This value results from the N 2 O and CH 4 emissions reported for Spain in agricultural soils and multiplying the emission of these two gases by its global warming potential (IPCC, 2007) .
In Mediterranean rainfed Spain, fourteen long-term (> 10 years) tillage experiments with SOC data were identified (Table 1) . We have not considered experiments younger than 10 years since potential for C mitigation of NT and RT practices has a strong time dependence (Six et al., 2004) . West and Six (2006) reported that SOC sequestration occurs during the 21 years after tillage ceased. In this study, the oldest long-term tillage experiment with SOC data found in Mediterranean Spain was 20 years old and more than half of the experiments were older than 15 year (Table 1) .
The SOC difference in the 0-30 cm soil depth in the NT or RT systems compared with CT ranged from -2,815 to 8,006 kg ha -1 . Negative SOC differences (loss of SOC under tillage reduction) were only found under the RT system (Table 1 ). The lower SOC under RT compared to CT could be explained by a SOC depletion of SOC in depth soil under NT and RT compared to CT. This SOC depletion in lower soil layers could be offset by high SOC contents under NT in surface soil layers but it could not be offset under RT leading to negative SOC difference under this tillage treatment (Hernanz et al., 2002) . The average SOC difference between CT and NT or RT was 3,581 and 1,103 kg C ha -1 , respectively. When this SOC difference was expressed as a SOC sequestration rate, mean values were 226 and 75 kg C ha -1 yr -1 in NT and RT, respectively ( Table 2 ). The NT sequestration rate was lower than that calculated by West and Post (2002) from a database of global long-term experiments. These authors calculated a mean C sequestration rate of 480 kg ha -1 yr -1 , considering a large variety of cropping systems. The lower SOC sequestration rates found in dryland Spain could be explained by the water limited conditions in some parts of Spain. The long-term experiments considered in this study ranged from 390 to 584 mm of annual rainfall (Table 1) . In general, this low rainfall together with a high evapotranspiration during the growing season results in a significant water deficit for crop growth, a typical constraint under Mediterranean conditions (Cantero-Martínez et al., 2007) . This water def icit leads to limited crop development and consequently et al., 2008a) . For the estimation of the SOC sequestration rates (Table 2) , confidence interval values (upper and lower 95% limits) have been reported to account for the uncertainty associated with our estimates (Smith et al., 1998) . In Mediterranean Spain, estimations of the current surface under NT and RT made by the Spanish Association for Conservation Agriculture (personal communication) are 0.6 · 10 6 and 1.05 · 10 6 ha, respectively. Under this arable land area, NT and RT are sequestering 0.14 and 0.08 Tg C yr -1 , respectively. These rates of C sequestration would offset 0.50 and 0.29 Tg CO 2 yr -1 in NT and RT, respectively (Table 2) . Furthermore, these rates represent 0.1% of the total anthropogenic CO 2 emissions in Spain during 2006. If only emissions from the agricultural sector are considered, the current adoption of NT and RT would be offsetting 1.1% and 0.6% of the annual total agricultural emissions.
In a scenario with all the potential arable land (considering only the surface of dryland agricultural soils in Mediterranean Spain) under either NT or RT management, SOC sequestration rates would be 2.18 and 0.72 Tg C yr -1 , respectively (Table 3) . This gain could potentially offset 2.2% and 0.7% of the total 2006 anthropogenic CO 2 emissions in Spain. Furthermore, these sequestration rates would offset 17.4% and 5.8% of the annual total emissions generated from agricultural activities in Spain (Table 3) . Accounting for the upper 95% confidence interval, this potential offset under NT could be up to 23.5% (Table 3) . Smith et al.
(1998) estimated a SOC sequestration potential of 43.4 Tg C yr -1 for European agricultural soils with 100% conversion to NT. The C gain estimated in our study under full conversion to NT would represent the 5% of the total C gain obtained by Smith et al. (1998) for European agricultural soils. Also, in our study, there is a significant loss of SOC under RT within the lower bounds of the 95% confidence interval (Tables 2 and 3 ). Therefore, despite showing a positive mean C sequestration potential, the implementation of RT in Mediterranean Spain has the risk of losing SOC compared to CT.
Our study is based upon fourteen long-term experiments established within the 9.6 · 10 6 ha of arable land within Mediterranean rainfed systems in Spain (MARM, 2008) . These long-term experiments cover a wide range of conditions (e.g. precipitation, cropping systems, soil types) that are typical of the Mediterranean Spanish agroecosystems. However, the results shown in our study have to be taken with caution since some uncertainties exist with the estimation procedure used. Obviously, the different conditions and management practices that affect SOC dynamics were not fully represented by the fourteen long-term experiments used in our study. More realistic approaches like the use of dynamic simulation systems linked to geographic information systems (GIS) would allow better assessments of SOC stocks at a regional or national level (Paustian et al., 1997b; Fallon et al., 2002) . However, despite the limitations, our study has provided a feasible first estimation for the potential of tillage reduction in agricultural soils of Mediterranean Spain to mitigate GHG emissions. As we have shown, C mitigation in Mediterranean Spanish soils can be achieved through the adoption of conservation management practices (NT and RT). This strategy has the potential for offsetting up to 23% of the agricultural CO 2 emissions. Also, it is worth pointing out that our study did not account for savings of agricultural fossil fuel-carbon in NT and RT compared with CT. In semiarid Spain, energy savings under NT and RT were estimated up to 15% and 10% compared with CT, respectively (Hernanz et al., 1995) . Concurrently, tillage reduction has other positive side effects on soil quality and productivity that have to be also considered in rainfed soils in Spain.
